The Escherichia coli fabG Ec gene and the Pseudomonas aeruginosa rhlG Pa gene, which encode 3-ketoacyl-acyl carrier protein reductase, were expressed in E. coli W3110 and its fadA mutant strain WA101 to examine their roles in medium-chain-length (MCL) polyhydroxyalkanoate (PHA) biosynthesis from fatty acids. When one of these 3-ketoacyl-acyl carrier protein reductase genes was coexpressed with the Pseudomonas sp. 61-3 PHA synthase gene (phaC2 Ps ) in E. coli W3110, MCL-PHA composed mainly of 3-hydroxyoctanoate and 3-hydroxydecanoate was synthesized from sodium decanoate. When the fabG Ec gene and the phaC2 Ps gene were co-expressed in the fadA mutant E. coli strain WA101, MCL-PHA rich in 3-hydroxydecanoate monomer up to 93 mol% was accumulated from sodium decanoate. This was possible by efficiently redirecting 3-ketoacyl-coenzymes A from the L-oxidation pathway to the PHA biosynthesis pathway without losing two carbon units, the strategy of which can be extended for the production of MCL-PHAs rich in other specific monomers. ß
Introduction
Numerous bacteria accumulate polyhydroxyalkanoates (PHAs) within cells as carbon and energy reserve material under nutrient-limited conditions in the presence of excess carbon source [1] . (R)-Hydroxyacyl-coenzymes A (CoAs), the substrates of PHA synthase, can be derived from the intermediates of various metabolic pathways such as fatty acid biosynthesis and L-oxidation pathways [2^5] . The major precursors of PHAs include enoyl-CoA, 3-ketoacylCoA, (S)-3-hydroxyacyl-CoA and 3-hydroxyacyl-acyl carrier protein (ACP). These intermediates are converted to (R)-3-hydroxyacyl-CoAs by various enzymes such as enoyl-CoA hydratase, 3-ketoacyl-CoA reductase, epimerase and 3-hydroxyacyl-ACP:CoA transferase [2^6] .
Recently, the medium-chain-length (MCL) PHA biosynthesis pathway was established in Escherichia coli by transferring the Pseudomonas aeruginosa PHA synthase gene into an E. coli strain defective in L-oxidation pathway [3^5] . Following these works, the engineered MCL-PHA biosynthesis pathways have been developed mainly by manipulation of the L-oxidation pathway [24 ] . Among the intermediates of the L-oxidation pathway, 3-ketoacyl-CoA has been suggested as a possible precursor of PHA. It is converted to (R)-3-hydroxyacyl-CoA by 3-ketoacyl-CoA reductase. Screening of 3-ketoacyl-CoA reductase was based on the amino acid homology to the Ralstonia eutropha acetoacetyl-CoA reductase (PhaB), which is highly speci¢c to short-chain-length 3-ketoacylCoAs [7] . The homology search allowed the identi¢cation of the fabG gene encoding 3-ketoacyl-ACP reductase (FabG) [5, 6] . The co-expression of the fabG gene cloned from E. coli or P. aeruginosa along with the MCL-PHA synthase gene successfully established the MCL-PHA biosynthesis pathway in E. coli, suggesting that 3-ketoacyl-ACP reductase possesses the 3-ketoacyl-CoA reductase activity [5, 6] . There has also been a recent report on the identi¢cation of a NADPH-dependent 3-ketoacyl-ACP reductase encoded by the P. aeruginosa rhlG gene, which is speci¢cally involved in rhamnolipid synthesis [8] .
In this study, we examined the roles of 3-ketoacyl-ACP reductase in MCL-PHA biosynthesis. Two di¡erent 3-ketoacyl-ACP reductases, the E. coli FabG and the P. aeruginosa RhlG, were examined for their abilities to supply MCL-PHA precursors from the L-oxidation pathway. A metabolic route for the production of MCL-PHAs rich in speci¢c monomer was established by co-expression of the 3-ketoacyl-ACP reductase gene along with the MCL-PHA synthase gene in a fadA mutant E. coli strain.
Materials and methods

Bacterial strains
The strains used in this study are listed in Table 1 . E. coli XL1-Blue was used as a host for vector construction. E. coli W3110 and WA101 were used for PHA production. E. coli WA101 (W3110 fadA: :Km), a derivative of E. coli W3110, was constructed by the insertion of kanamycinresistant gene obtained from pACYC177 (New England Biolabs, Beverly, MA, USA) into the middle of the fadA gene in the E. coli chromosome using pKO3 [9] , which is designed for the precise deletion or insertion of speci¢c genes in the genome of E. coli. The insertional mutation of the fadA gene was con¢rmed by polymerase chain reaction (PCR) as suggested by Link et al. [9] .
Plasmid construction
Plasmids used in this study are also listed in Table 1 . All DNA manipulations including restriction digestion, ligation, and agarose gel electrophoresis were carried out by standard procedures. All the gene fragments used in the study were obtained by PCR using the primers listed in Table 2 . All the primers were designed based on previously reported sequence data [10^12]. PCR was performed by the PCR Thermal Cycler MP (Takara Shuzo Co., Ltd., Shiga, Japan) using the Expand1 High Fidelity PCR System (Roche Molecular Biochemicals, Mannheim, Germany). DNA sequencing was carried out with the Bigdye terminator cycle sequencing kit (Perkin-Elmer Co., Boston, MA, USA) and Taq polymerase using an ABI Prism1 377 DNA sequencer (Perkin-Elmer Co.). The gntT104 promoter, which can transcribe speci¢c genes constitutively due to the substitutional mutation in the internal operator of gntT promoter, was used for gene expression [13] . The PCR product of gntT104 promoter and an E. coli ribosomal binding site, digested with EcoRV and EcoRI, was cloned into pTrc99A (Pharmacia Biotech, Uppsala, Sweden) at the same sites to construct p10499A. Plasmid p10499613C2 was constructed by the insertion of the Pseudomonas sp. 61-3 phaC2 Ps gene into the p10499A at EcoRI and HindIII sites. The phaC2 Ps gene was ampli¢ed from pBSEB50 containing the Pseudomonas sp. 61-3 PHA biosynthesis genes [12] . The expression vectors of the E. coli fabG Ec [14] to make pMCS104FabG and pMCS104RhlG, respectively.
Culture conditions
E. coli XL1-Blue was cultured at 37 ‡C in Luria^Bertani (LB) medium (containing per liter : 10 g tryptone, 5 g yeast extract and 5 g NaCl). P. aeruginosa was cultured at 30 ‡C in LB medium. For MCL-PHA production, recombinant E. coli strains were cultivated for 72 h in LB medium containing 10 g l 31 of sodium decanoate (Sigma Co., St. Louis, MO, USA). Flask cultures were carried out in a rotary shaker at 250 rpm and 30 ‡C. Ampicillin (Ap, 50 mg l 31 ) and/or chloramphenicol (Cm, 34 mg l 31 ) were added to the medium depending on the plasmids used.
Analysis of PHA concentration and PHA content
Cell growth was monitored by measuring the absorbance at 600 nm (OD 600 ; DU Series 600 Spectrophotometer, Beckman, Fullerton, CA, USA). PHA concentration and monomer composition were determined by gas chromatography (Donam Co., Seoul, South Korea) equipped with a fused silica capillary column (Supelco SPB1-5, 30 mU0.32 mm ID 0.25 Wm ¢lm, Bellefonte, PA, USA) using benzoic acid as an internal standard.
Cell concentration was de¢ned as dry cell weight per liter of culture broth. The residual cell concentration was de¢ned as the cell concentration minus PHA concentration. The PHA content (wt%) was de¢ned as the percentage of the ratio of PHA concentration to cell concentration.
Analysis of protein expression and activities
Expression of PHA synthase and 3-ketoacyl-ACP reductase genes was analyzed by electrophoresis on a 12% (w/v) sodium dodecyl sulfate^polyacrylamide gel (SDSP AGE). The activity of 3-ketoacyl-ACP reductase was measured by determining the rate of oxidation of NADPH at the absorbance of 340 nm (DU Series 600 Spectrophotometer) following the protocol developed for the NADPH-dependent acetoacetyl-CoA reductase [7] . Acetoacetyl-CoA and NADPH were purchased from Sigma (St. Louis, MO, USA). Crude extracts of recombinant E. coli strains were prepared by three cycles of sonication (each for 20 s at 15% of maximum output; high-intensity ultrasonic liquid processors; Sonics and Material Inc., Newtown, CT, USA). The amount of soluble proteins was determined by the Bio-Rad protein assay kit (BioRad, Hercules, CA, USA) with bovine serum albumin as a standard. In order to examine whether PHA precursors can be b These primers were used for the ampli¢cation of gntT104 promoter for the construction of p10499A. c These primers were used for the ampli¢cation of gntT104 promoter for the construction of pBlue104FabG and pBlue104RhlG. d A transcription termination signal was designed from that of the R. eutropha PHA biosynthesis operon [9] .
derived from the L-oxidation pathway by the introduction of the fabG Ec or the rhlG Pa gene, two di¡erent recombinant E. coli W3110 strains were constructed : one strain harboring p10499613C2 and pMCS104FabG and the other harboring p10499613C2 and pMCS104RhlG. Two recombinant E. coli strains were cultured in LB medium containing 2 g l 31 of sodium decanoate at 30 ‡C. Functional expressions of PHA synthase and 3-ketoacyl-ACP reductases were con¢rmed by SDS^PAGE and analyses of acetoacetyl-CoA reductase activities in recombinant E. coli strains ( Fig. 1; Table 3 ). The results of £ask cultures are summarized in Table 4 . Both FabG Ec and RhlG Pa were able to supply (R)-3-hydroxyacyl-CoA from the L-oxidation pathway even though the e⁄ciency seems to be low as observed by low PHA contents. The monomer compositions of MCL-PHAs were di¡erent by employing the fabG Ec and the rhlG Pa genes. When the fabG Ec gene was employed, MCL-PHA consisting of 3-hydroxyhexanoate (3HHx), 3-hydroxyoctanoate (3HO) and 3-hydroxydecanoate (3HD) was produced. Introduction of the rhlG Pa gene resulted in the production of MCL-PHA consisting only of 3HO and 3HD. Two di¡erent recombinant fadA mutant E. coli WA101 strains were constructed by transferring the phaC2 Ps gene along with the fabG Ec gene or the rhlG Pa gene. These recombinant E. coli strains were cultured in LB medium containing 2 g l 31 of sodium decanoate at 30 ‡C. Recombinant E. coli WA101 harboring only the phaC2 Ps gene was cultured in the same condition as a control. The results of £ask cultures are summarized in Table 4 . WA101 harboring only the phaC2 Ps gene produced MCL-PHA consisting of 3-hydroxybutyrate (3HB), 3HHx, 3HO and 3HD, in which 3HO and 3HD are the major components. However, when the fabG Ec gene was co-expressed with the phaC2 Ps gene, the 3HD monomer was incorporated into MCL-PHA with very high fraction of 93 mol%. This result suggests that a metabolic route for enriching speci¢c monomer into PHA was established in recombinant E. coli.
On the other hand, the co-expression of the rhlG Pa gene with the phaC2 Ps gene did not much change the monomer composition of MCL-PHA, only resulting in the increase of PHA content to 33 wt% (Table 4 ).
Discussion
In this study, we evaluated the role of 3-ketoacyl-ACP reductase in supplying PHA precursors from the L-oxidation pathway. Because FabG is an essential enzyme in fatty acid biosynthesis, it was originally thought that PHA could be synthesized from fatty acid by transferring only the MCL-PHA synthase gene into E. coli. However, it was found that the activity of FabG in E. coli was not su⁄cient to supply PHA precursors [6] . This problem could be solved by amplifying the activity of FabG using a multicopy plasmid harboring the fabG Ec gene [6] . RhlG from P. aeruginosa, which is involved in rhamnolipid synthesis, is another 3-ketoacyl-ACP reductase homologous to PhaB and FabG [8] . In P. aeruginosa, RhlG is known to play a major role in rhamnolipid synthesis and a minor role in PHA biosynthesis [8] . Expression of the rhlG Pa gene in recombinant E. coli also allowed the supply of (R)-3-hydroxyacyl-CoA from the L-oxidation pathway ( Table 4 ). The e¡ect of 3-ketoacyl-ACP reductase gene expression on MCL-PHA biosynthesis was notable in a fadA mutant E. coli strain. The E. coli FadA is known to have the highest activity with 3-ketodecanoyl-CoA, and in decreasing order with 3-ketododecanoyl-CoA and 3-ketooctanoyl-CoA [15] . As shown in Table 4 , MCL-PHA enriched in 3HD (up to 93 mol%) could be synthesized from sodium decanoate by the co-expression of the fabG Ec gene and the phaC2 Ps gene. Interestingly, the e¡ect of co-expression of the rhlG Pa gene with the phaC2 Ps gene on the monomer composition of MCL-PHA produced in fadA mutant E. coli WA101 was negligible. The incorporation of the 3HO monomer in a fadA mutant E. coli suggests that there exist alternative enzyme(s) that are responsible for cutting o¡ two-carbon units from the C10 compound of the L-oxidation pathway generated by feeding decanoate. This phenomenon was also observed by other groups [2^5] . However, the overexpression of the fabG Ec gene allowed e⁄cient channeling of much of the intact C10 precursor into the PHA biosynthetic pathway, suggesting that the E. coli 3-ketoacyl-ACP reductase is highly competitive not only with 3-ketoacyl-CoA thiolase but also with the unknown alternative enzyme(s) mentioned above.
The co-expression of the rhlG Pa gene with the phaC2 Ps gene in the fadA mutant resulted in a slight increase in PHA content. A similar result has been reported previously by Witholt's group who showed that the additional expression of the P. aeruginosa fabG gene in a fadA mutant E. coli strain resulted in the increase of PHA content without much change of monomer composition: MCL-PHA composed of 23 mol% 3HHx, 65 mol% 3HO and 12 mol% 3HD was produced from hexadecanoate [5] . This di¡erence seems to be due to the fact that the E. coli and P. aeruginosa 3-ketoacyl-ACP reductases have di¡erent substrate speci¢cities and activities in E. coli.
Until now, the monomer composition of MCL-PHA has been mainly modulated by employing di¡erent carbon sources and applying di¡erent enzymes for the generation of PHA precursors. In this study, we demonstrated that the overexpression of the 3-ketoacyl-ACP reductase gene allowed production of MCL-PHA highly enriched in speci¢c monomers. This strategy will allow the production of other MCL-PHAs rich in speci¢c monomers by feeding fatty acids of di¡erent carbon numbers.
